ABSTRACT This study examined the effects of supplemental dietary selenium on growth performance, lipid oxidation, and color stability of broiler chicks. Male broiler chicks (Arbor Acres, 1 d old, total 900 chicks) were randomly assigned to 6 pens containing 30 chicks each, corresponding to each of 6 dietary treatments. Six different diets were supplied to the chicks from 3 to 6 wk of age. After 42 d of feeding, all the broilers were slaughtered conventionally at a slaughtering plant. The carcasses were packed in polyethylene bags in a manner similar to that used for retail trade and stored for 12 d at 4°C. Body weight and feed efficiency were not affected by dietary selenium levels, and no adverse effect on growth was observed during the experimental period. The dietary selenium and α-tocopherol levels did not affect surface
INTRODUCTION
Lipid oxidation and discoloration are believed to be major causes of quality deterioration in meat during refrigerated storage. Poultry meat is quite sensitive to oxidative deterioration due to a high content of polyunsaturated fatty acids (Wilson et al., 1976) , and the rate of meat discoloration is believed to be related to the effectiveness of the oxidation processes.
Many studies have indicated that lipid oxidation in meat products can be effectively controlled using antioxidants. Feeding poultry a higher level of dietary antioxidants provides the poultry industry with a simple method for improving oxidative stability and shelf life of poultry meat. The effect of dietary supplementation with various antioxidants on chicken meat oxidation has been studied (O'Neill et al., 1998; Surai and Sparks, 2000; Grau et al., 2001; Bou et al., 2004) . The key dietary factors in the nutritional modulation of oxidant protection are α-tocopherol and selenium (Combs, 1981) . α-Tocopherol supplementation of poultry diets results in increased α-2005 Poultry Science Association, Inc. Received for publication June 24, 2004 . Accepted for publication November 28, 2004. 1 To whom correspondence should be addressed: bckim@korea.ac.kr.
809
meat color or level of metmyoglobin accumulation. Lipid stability was improved by supplementation with 100 IU of α-tocopherol (P < 0.05). Dietary selenium supplementation at 8 ppm in combination with 100 IU of α-tocopherol, however, was more effective in reducing lipid oxidation compared with 100 IU of α-tocopherol/kg feed only (P < 0.05). Supplementation with 100 IU of α-tocopherol affected cholesterol oxidation product levels on d 7 and 12, but selenium supplementation did not have an additional effect on the reduction of cholesterol oxidation products. Therefore, an increase in the dietary selenium from 1 to 8 ppm revealed only minor improvements in the oxidative stability of chicken meat during refrigerated storage.
tocopherol concentrations in the tissue and concomitant increases in the stability of the meat (Lin et al., 1989; O'Neill et al., 1999; Grau et al., 2001) .
Selenium is an essential trace element occurring in organic and inorganic forms. The organic form is found predominantly in grains, fish, meat, poultry, and dairy products (Klein, 2004) . Selenium has been shown to have an analogous function as an essential component of the Se-dependent glutathione peroxidase (Combs, 1981) . This enzyme protects cells against damage caused by free radicals (Flohe, 1997) . The effects of dietary vitamin E and Se deficiencies on promoting lipid peroxidation of biological membranes, either independently or combined, are well established (Scholz et al., 1994) .
The supplementation of feeds with Se is achieved with mainly inorganic sources of Se such as Na 2 SeO 3 (sodium selenite). High levels of dietary Se result in higher liver, kidney, plasma, and muscle Se concentrations in poultry (Echevarria et al., 1988) . Chan and Decker (1994) suggested that increases in tissue Se content might not always be accompanied by a corresponding increase in glutathi- one peroxidase activity, which suggests that dietary Se levels can influence the oxidative stability of skeletal muscle. Unfortunately, there is little information available on the effects of Se supplementation on lipid oxidation and color stability in broiler chicks. The aim of our study was to evaluate the effect of different levels of dietary supplemental Se on performance, lipid oxidation, and color stability of broiler chicks.
MATERIALS AND METHODS

Birds and Diets
One hundred eighty male broiler chicks (Arbor Acres, 1 d old) were randomly assigned to 6 pens containing 30 chicks each, corresponding to each of 6 dietary treatments. This experiment was repeated 5 times (total 900 chicks, 150 chicks/treatment, 30 birds/pen). The ingredients and composition of the starter and basal diets are shown in Tables 1 and 2 . Up to 3 wk of age, chicks were fed the same starter diet. From 3 to 6 wk of age, 6 different treatments were supplied to the chicks as follows: control 1 (CON1) was the basal diet. The basal diet contained 20 IU of α-tocopherol/kg of feed and 0.17 ppm Se. Control 2 (CON2) was the basal diet supplemented with 100 IU of all-rac-α-tocopheryl acetate/kg of feed. Treatments 1 (SE1), 2 (SE2), 3 (SE4), and 4 (SE8) were fed CON2 supplemented with 1, 2, 4, or 8 ppm Na 2 SeO 3 , respectively. The chicks were maintained on a 24-h constant lighting schedule and allowed access to feed and tap water ad 2 CR-300, Minolta Camera Co., Osaka, Japan.
libitum until slaughter at 42 d of age. The BW and feed consumption for the individual pens were recorded at 1, 7, 14, 21, 32, and 42 d.
Preparation and Storage of Samples
After 42 d of feeding, all broilers were slaughtered conventionally at slaughtering plant, and the carcasses were chilled in a spin chiller. For the refrigerated storage experiment, the carcasses were packed in polyethylene bags, which were similar to those used in the retail trade, and stored for 1, 3, 7, 10, or 12 d at 4°C. At the time of the analysis, the individual carcasses from each dietary treatment were trimmed to obtain breast (pectoralis major) and thigh (gastrocnemius interna) muscles. After being trimmed, all muscle samples were sliced and submitted for analyses.
Color and Lipid Stability
Discoloration and lipid oxidation of the samples were analyzed on d 1, 3, 7, 10, and 12 in 4°C storage. The color of the muscle (CIE L*, a*, and b*) was measured using a Minolta chromameter.
2 The percentage metmyoglobin accumulation on the muscle surface was determined using the procedure reported by Krzywicki (1979) . The level of lipid oxidation was determined using the TBA procedure reported by Salih et al. (1987) and modified by Ahn et al. (1995) . The results are expressed as milligrams of malonaldehyde (MA)/kg of tissue. Total lipids for determination of the cholesterol oxidation product (COP) were extracted from the thigh and breast muscles using the dry column method reported by Marmer and Maxwell (1981). The COP were separated from the bulk of the cholesterol and other lipids by the solid-phase extraction procedure reported by Park and Addis (1987) .
Statistical Analysis
By using the GLM procedure of SAS software (SAS Institute, 2001) , the data were subjected to the ANOVA procedures, which were appropriate for a randomized complete block design. When significant differences (P < 0.05) were detected, mean values were separated by a probability difference (PDIFF) option at a predetermined probability rate of 5%. The results are presented as the least square means (LSM) for the 7 groups together with the standard errors.
RESULTS AND DISCUSSION
Performance of Broiler Chicks
When the broilers were fed 1, 2, 4, or 8 ppm Se as Na 2 SeO 3 in the practical diets from 3 to 6 wk of age, BW and feed efficiency were unaffected by the dietary Se (Table 3) . No adverse effect of Se on the growth of the chickens was observed during the experimental period. Moksnes and Norheim (1982) observed that similar concentrations of Se as Na 2 SeO 3 fed to broilers also caused no differences in BW. However, Echevarria et al. (1988) reported that the feed intake and gain are lower in birds fed 9 mg of Se/kg, which suggests the development of Se toxicosis. In addition, there were no beneficial effects of 100 IU of α-tocopherol (CON2) on the growth performance, which is in agreement with Guo et al. (2001) , who have shown that the performance of broiler chicks is not influenced by supplementation with vitamin E at 50 or 100 mg/kg.
Discoloration
The surface meat color of the broiler chicks, as expressed by L*, a*, and b*, were not affected by different dietary supplementations with selenium and α-tocopherol (Figure 1 ). The lightness (L*) tended to decrease as the period of storage was extended. Monahan et al. (1994) reported that until 8 d of storage, a* values (redness) of chops from pigs fed 200 mg of α-tocopheryl acetate/kg of feed are significantly higher than those of chops from pigs fed a basal diet (10 mg/kg of feed). However, this study found that surface meat color was unaffected by supplementation with 8 ppm Se or 100 IU of α-tocopherol. Figure 2 shows the extent of discoloration, which was measured as percentage of the surface metmyoglobin in the breast and thigh muscles during 12 d of refrigerated storage at 4°C. The level of surface metmyoglobin accumulation was unaffected by different concentrations of dietary Se supplements and showed a similar rate of discoloration. On d 7, the muscle samples appeared quite discolored and contained a greater surface percentage of metmyoglobin. These results suggest that dietary supplementation with Se had no beneficial effects on surface discoloration.
Lipid Oxidation
The influence of dietary supplementation with Se on lipid oxidation in the raw thigh muscle of chicks is shown Least square means with different superscripts in the same row differ significantly (P < 0.05).
1 CON1 = basal diet (α-tocopherol at 20 IU/kg of feed and 0.17 ppm Se); CON2 = basal diet + 100 IU of all-rac-α-tocopheryl acetate/kg of feed; SE1 = CON2 + 1 ppm sodium selenite; SE2 = CON2 + 2 ppm sodium selenite; SE4 = CON2 + 4 ppm sodium selenite. SE8 = CON2 + 8 ppm sodium selenite.
2
Standard error of least square means. *P < 0.05; ***P < 0.001.
in Figure 3A . The TBA value increased in all treatments during storage for up to 12 d, and there were some differences (P < 0.05) among treatments after 10 and 12 d of storage. This finding suggested that dietary supplementa- tion of Se influenced oxidative stability of the meat during refrigerated storage. The level of MA was higher in the CON1 group and lower in the group given 8 ppm Se. However, the TBA value in the CON2 group was similar to all the Se-supplemented groups. Until 10 d of refrigerated storage, the TBA values within the group given 8 ppm selenium did not differ from those of the CON2 group. The lipid oxidative stability was improved by supplementation with 100 IU of α-tocopheryl acetate/kg of feed after 12 d of storage (P < 0.05). Avanzo et al. (2001) reported that α-tocopherol affected peroxidation of the mitochondrial membranes by one order of magnitude higher than Se, which also suggested that α-tocopherol, Least square means with different superscripts in the same row differ significantly (P < 0.05).
1 ND = not detected; 25-OH = 25-hydroxycholesterol; 7-keto = 7-ketocholesterol; 7β-OH = 7β-hydroxycholesterol; total = 25-hydroxycholesterol + 7-ketocholesterol + 7β-hydroxycholesterol.
Standard error of least square means. *P < 0.05; **P < 0.01. not Se, is the factor that markedly affects the course of lipid peroxidation. However, the group given 8 ppm Se had a much lower TBA value than the CON1 and CON2 groups after 12 d of storage. Supplementation with 8 ppm Se significantly improved the oxidative stability relative to the supplementation of 100 IU of α-tocopheryl acetate only at 12 d of storage. This finding indicates that dietary supplementation with 8 ppm Se in combination with 100 IU of α-tocopherol/kg of feed was more effective (P < 0.05) in reducing lipid oxidation than was 100 IU of α- Least square means with different superscripts in the same row differ significantly (P < 0.05).
2 Standard error of least square means. †P < 0.1; ***P < 0.001.
tocopherol/kg of feed only. A similar lipid oxidation profile was observed in the breast muscle ( Figure 3B ). However, thigh muscle samples tended to be more susceptible to oxidation than breast muscle samples.
Cholesterol Oxidation
Cholesterol oxidation products were also determined in order to measure oxidative stability after 1, 3, 7, 10, and 12 d of refrigerated storage. Cholesterol oxidation has been the subject of numerous studies in recent years (Paniangvait et al., 1995) , and the mechanism of cholesterol oxidation is similar to that of unsaturated fatty acid oxidation. Cholesterol will undergo oxidation at the C-7 position, resulting in formation of 7α-and 7β-hydroperoxides, which then form 7α-and 7β-hydroxycholesterols (7β-OH) and 7-ketocholesterol (7-keto; Gray et al., 1996) . Side-chain oxidation also occurs at the tertiary C-25 resulting in 25-hydroxycholesterol (25-OH).
The 25-OH, 7-keto, and 7β-OH were not detected in the thigh or breast muscle after 1 d of refrigerated storage. In the thigh muscle, the total level of COP tended to be lower in all supplementation groups than in the CON1 group. However, COP were not consistently reduced by increasing levels of dietary Se supplementation (Table 4) . On d 7 and 12, a significant reduction in the COP was observed, but supplementation with 8 ppm Se did not significantly reduce the level of COP compared with supplementation with α-tocopheryl acetate only (CON2). Monahan et al. (1992) reported that cooked pork from pigs fed a supplemented diet (100 or 200 mg of α-tocopheryl acetate/kg) had significantly lower levels of β-epoxide, 7β-OH, 7-keto, and total COP than pork from pigs fed a basal diet (10 m/kg). The effects of the dietary tocopherol supplementation on formation of COP in chicken meat have been reported previously (O'Neill et al., 1999; Grau et al., 2001) . These studies showed that dietary tocopherol prevents formation of COP in chicken meat.
A similar tendency was observed in breast muscle. However, dietary supplementation of Se had no significant effect on the COP levels ( Table 5 ). The COP levels tended to be higher in the thigh than in the breast muscle, which is in agreement with the findings reported by Galvin et al. (1998) .
In conclusion, dietary Se supplementation had a limited effect on the formation of COP. Supplementation with 100 IU of α-tocopherol affected the COP levels on d 7 and 12, but Se supplementation did not have additional effect in reducing the production of COP. Therefore, an increase in dietary Se level from 1 to 8 ppm caused only minor improvements in the oxidative stability of chicken meat during refrigerated storage.
